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Objectives:Themainobjective of this study is todetermine the correlationbetween fractional ﬂowreserve
(FFR)- and frequency domain optical coherence tomography (FD-OCT)-measured lumen parameters, and
to determine the diagnostic competence of FD-OCT concerning the identiﬁcation of severe coronary
stenosis.
Methods: A total of 41 coronary stenoses in 30 patients were assessed consecutively by quantitative
coronary angiography (QCA), FFR, and FD-OCT. Stenoses were labeled severe if FFR≤0.80. The minimal
lumenarea (MLA),minimal lumendiameter (MLD), andpercent lumenarea stenosis (%AS)weremeasured
using FD-OCT.
Results: FFRwas ≤0.80 in 10 stenoses (24.4%). A poor but signiﬁcant correlation between FFR and FD-OCT-
measured MLA (r2 = 0.4, p<0.001), MLD (r2 = 0.28, p<0.001), and %AS (r2 = 0.13, p=0.02) was found. In the
overall group, the diagnostic efﬁciency of MLA and MLD in identifying signiﬁcant stenosis was moderate.
The area under the curve (AUC) was 0.80 [95% conﬁdence interval (CI): 0.64–0.91] for MLA and 0.76
(95% CI: 0.60–0.88) for MLD. The best cut-off values of FD-OCT-measured lumen parameters to identify
stenosis with FFR≤0.80 were 1.62mm2 [speciﬁcity 97%, sensitivity 70%, positive predictive value (PPV)
89% and negative predictive value (NPV) 91%] for MLA and 1.23mm (speciﬁcity 87%, sensitivity 70%, PPV
64% and NPV 90%) for MLD. The diagnostic efﬁciency of MLA in identifying signiﬁcant stenosis in vessels
having reference diameter <3mm was high. The AUC was 0.96 (95% CI: 0.83–1.0).
Conclusions: The FFR values and FD-OCT anatomical parameters MLA, MLD were found to be signiﬁcantly
correlated. In the overall group, the FD-OCT-measured MLA and MLD have shown moderate diagnostic
efﬁciency in the functional evaluation of signiﬁcant stenosis. FD-OCT-measured MLA has high diagnostic
evere
3 Japefﬁciency in identifying s
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ntroductionThe revascularization of intermediate coronary lesions, hav-
ng stenosis diameter of 40–70% on angiography, involves detailed
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characterization toanswer theassociatedanatomicandphysiologic
issues. Quantitative coronary angiography (QCA) has advanced to
provide more accurate measurements related to coronary vascu-
lar tree and complex lesions, but the un-incorporated parameters
such as length, entrance angle, coefﬁcient of separation of laminar
ﬂow in QCA, the assessment of intermediate coronary stenosis via
angiogram, or QCA are inaccurate [1]. Therefore additional diag-
nostic methods are used to determine the clinical impact of such
stenosis. The fractional ﬂow reserve (FFR) technique, which meas-
ures pressure gradient across an artery stenosis, is considered as
vier Ltd. All rights reserved.
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gold standard in the evaluation of the severity of such stenosis.
he FFR value ≤0.8 is considered clinically important and is treated
s an indication of severe stenosis [2–6]. Intravascular ultrasound
IVUS) is a catheter-based invasive imaging technique used for
natomic and morphological assessment of lesions and is capable
f providing information about lumen area, vessel area, and plaque
urden. Several studies have investigated the use of IVUS in the
dentiﬁcation of severe stenosis using FFR as a standard tool [7–13].
ntra coronary optical coherence tomography (OCT) is a new imag-
ng technique which is analogous to IVUS, but uses near-infrared
ight rather than sound waves. OCT provides high-resolution
10 times higher than IVUS), cross-sectional tomographic images
f coronary arteries and deployed stents [14]. The higher spatial
esolution of OCT as compared to IVUS provides better details
f the luminal-intima boundary and allows lumen area measure-
entswithexcellent reproducibility [15–19]. The timedomainOCT
TD-OCT) systems have a lower pullback speed (1–3mm/s) and a
ramerate (15–20 frames/s),while frequencydomain (FD)-OCTsys-
ems have higher pullback speed up to 20mm/s and a frame rate
f 100 frames/s [20]. Because of these features FD-OCT systems
re now being widely used in modern catheterization laboratories
lobally. The main objective of this study is to determine the corre-
ation between FFR- and FD-OCT-measured anatomical parameters
hat include minimal lumen area (MLA), minimal lumen diame-
er (MLD), and percent lumen area stenosis (%AS). The diagnostic
fﬁciency of FD-OCT in identifying severe coronary stenosis as
etermined by FFR is also included.
aterials and methods
A total of 41 coronary stenoses were examined in 30 patients
cheduled for coronary angiography due to stable angina and/or
schemia documented on exercise stress test at University Hospi-
al Galway (UHS), Ireland between October 2011 and May 2013.
FR measurement, FD-OCT, and QCA analysis were performed in
ll patients. They all had at least 1 target vessel with stenosis (>30%
iameter stenosis by visual estimation). Serial stenosis, left main
tenosis, stenosis located in culprit vessels of acute coronary syn-
romes, bypass graft stenosis, and anatomical characteristics that
imited the advancement of OCT catheter were excluded from the
tudy. The study was approved by Galway clinical research ethics
ommittee and informed consent was obtained from the patients.
Angiographic views were acquired after intracoronary nitrates
0.1mg). The QCA analysis (percent diameter stenosis and percent
rea stenosis) was performed using validated QCA software (CASS
I, PieMedical Imaging, BV,Maastricht, TheNetherlands) separately
linded to the results of OCT and FFR.
A coronary pressure wire (St. Jude Medical, St. Paul, MN, USA)
as employed to measure FFR. Measurements were obtained at
aximumhyperemia induced by intravenous adenosine,managed
t 140g/kg/min through a large peripheral vein. FFR was calcu-
atedas the ratioof the intracoronarypressure to theaorticpressure
uring hyperemia. Stenoses were labeled severe if FFR≤0.80.
The OCT imaging of the target stenosis was performed using
commercial FD OCT system (C7XR) and the Dragonﬂy catheter
Lightlab Imaging Inc., Westford, MA, USA). This system uses a
wept source laser with central wavelength of 1300nm which
rovides an axial resolution of 10–15m and gives tissue pene-
ration of 1–3mm. The system has a lateral resolution of 25m.
he pullback speed of 20mm/s was used and blood clearance was
erformed by injecting iso-osmolar contrast at 37 ◦C through the
uiding catheter.
OCT image analysis was performed using the Lightlab imag-
ng software. The cross-section with the smallest lumen area and
he reference cross section (frame with the largest lumen withiniology 64 (2014) 19–24
10mm proximal or distal to MLA and before any side branch) were
selected for analysis. The MLA and MLD were measured at the
cross sectionwith smallest lumen area. Reference lumen area (RLA)
was measured at reference cross section. %AS was computed as:
(RLA−MLA)/(RLA)×100. The region around the MLA where the
lumen area is less than 50% of the reference lumen area was taken
as stenosis length.
Fibrous (homogeneous, signal-rich region), calciﬁed (signal-
poor region with deﬁned edges), and lipid (signal-poor region with
diffuse edges) plaqueswere identiﬁedusing FD-OCT. Sudden atten-
uation of signal behind thin diffuse ﬁbrous cap was considered
highly suggestive of vulnerable plaque.
The statistical analysis was performed using Medcalc soft-
ware version 12.5 (Ostend, Belgium). Continuous variables are
expressed as mean± standard deviation and categorical variables
are expressed as percents. The relationships between FFR- and
FD-OCT-derived parameters were analyzed using linear and non-
linear regression analysis to determine the correlation coefﬁcients
between FFR and FD-OCT. A p-value <0.05was considered as signif-
icant. The receiver operating characteristics (ROC) curve analysis,
which includes estimation of area under the curve (AUC), determi-
nation of optimal cut-off value to predict an FFR≤0.8, and related
sensitivity, speciﬁcity, positive predictive value (PPV), and negative
predictive value (NPV), was performed to determine the diagnostic
efﬁciency of FD-OCT in identifying severity of stenosis. The diag-
nostic efﬁciency was classiﬁed according to AUC values as low (less
than 0.70), moderate (0.70–0.90), and high (greater than 0.9) [21].
Fig. 1A shows angiographic view of an intermediate coronary
stenosis. Fig. 1B1–B4 shows OCT cross-sectional images with mea-
sured lumen dimensions at various locations. Fig. 1C shows the
longitudinal OCT reconstruction of the artery showing the stenosis
and locations of OCT cross sectional images (B1–B4).
Results
The measurements related to 41 coronary stenoses in 30
patients were analyzed with FFR, QCA, and FD-OCT. The clinical
data and stenosis characteristics obtained throughQCAandFD-OCT
are presented in Table 1. The mean age of the patients was 64±11
years, and 24 patients (80%) were male. The mean MLA and MLD
byOCTwere 2.53±0.92mm2 and 1.41±0.37mmrespectively. The
FFR valuewas ≤0.80 in 10 stenoses (24.4%). The comparative analy-
sis in FD-OCT measurements between stenosis with FFR>0.80 and
those with FFR≤0.80 are presented in Table 2.
The relationship between FFR- and FD-OCT-derived lumenmea-
surements are presented in Fig. 2A–C. A poor but signiﬁcant
correlation between FFR- and FD-OCT-measured MLA (r2 =0.4,
p<0.001), MLD (r2 =0.28, p<0.001), and %AS (r2 =0.13, p=0.02)
was found. The ROC curves for FD-OCT-measured MLA and MLD
are presented in Fig. 3A and B. In the overall group, the diagnostic
efﬁciency of MLA and MLD in identifying signiﬁcant stenosis was
moderate. Theareaunder the curve (AUC)was0.80 [95%conﬁdence
interval (CI): 0.64–0.91] for MLA and 0.76 (95% CI: 0.60–0.88) for
MLD. Low diagnostic efﬁciency was found for FD-OCT-derived %AS
(AUC: 0.63, 95% CI 0.46–0.79). The best cut-off values of OCT mea-
sured lumen parameters to identify stenosis with FFR≤0.80 were
1.62mm2 (speciﬁcity 97%, sensitivity 70%, PPV 89%, and NPV 91%)
forMLA and 1.23mm (speciﬁcity 87%, sensitivity 70%, PPV 64%, and
NPV 90%) for MLD.
When the stenoses were divided according to vessel reference
diameter of 3mm, 21.2% (7 of 33) of small-vessel stenoses and 25%
(2 of 8) of large-vessel stenoses had FFR value ≤0.8. To assess the
inﬂuence of vessel size on the ability of FD-OCT to identify severe
coronary stenoses, we analyzed the subgroup of stenoses located
in vessels having diameter <3mm as measured by QCA. The ROC
H. Zafar et al. / Journal of Cardiology 64 (2014) 19–24 21
Fig. 1. (A) Angiographic view showing an intermediate coronary stenosis (red arrow). (B) Optical coherence tomography (OCT) cross sectional images (B1–B4)withmeasured
lumen dimensions at various locations, B1: minimum lumen area. (C) Longitudinal OCT reconstruction of the artery showing the stenosis and locations of OCT cross sectional
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images (B1–B4). (For interpretation of the references to color in this ﬁgure legend, t
urve is shown in Fig. 4. Thediagnostic efﬁciencyofMLA in identify-
ng signiﬁcant stenosis in vessels having referencediameter <3mm
as high. The AUC was 0.96 (95% CI: 0.83–1.0) with a best cut-off
alue of 1.6mm2 (speciﬁcity 100%, sensitivity 88%, NPV 96%, and
PV 100%). Appropriate anatomic criteria to predict FFR≤0.8 could
ot be found in vessels having reference diameter >3mm because
f small population size (n=8) and no stenosis with MLA<3mm2
ad FFR≤0.8.
iscussion
The differences between functional and anatomical evaluation
f coronary stenosis have been under debate over the past two
ecades. Coronary angiography was previously used as a standard
ool in the assessment of coronary artery disease, but has inbuilt
imitations for this purpose [22]. Although IVUS is better than
ngiography for luminalmeasurements,measurements performed
ith IVUS do not take into account size, viability, and the presence
f collateral circulation which are key features in the assessment
f the stenosis severity [4]. FFR can overcome these limitations and
ts ability to perform per stenosis assessment results in excellent
linical outcomes [5,23], but FFR cannot provide informationwhich
VUS or OCT can, e.g. plaque vulnerability. OCT has better efﬁciency
han IVUS, as OCT provides better deﬁnition of the lumen plaque
order [15,20,24,25]. Apart from lumen measurements, OCT can
lso provide details about plaque rupture and calciﬁcation, etc.
hich are not only helpful in deciding whether the treatment is
equired, but also guide theprocedure. The combinationof anatom-
cal and physiological information provided by FD-OCT and FFR cander is referred to the web version of this article.)
be extremely useful for decision-making and guiding intervention
in patientswith serial stenoses as FFR alonemay underestimate the
true functional signiﬁcance of both the proximal and distal lesions
[26].
FD-OCT-measured MLA was the best parameter among the dif-
ferent evaluated parameters to predict the functional signiﬁcance
of stenosis. FD-OCT identiﬁed best cut-off value of 1.62mm2 for
MLA, showed a diagnostic efﬁciency of 80% with 97% speciﬁcity
and 91% NPV. Therefore, MLA>1.62mm2 may be useful to exclude
FFR≤0.80. OCT-measured MLD cut-off value of 1.23mm showed a
moderatediagnostic efﬁciencyof 76%with90%NPV. Therefore,OCT
had a moderate value to exclude FFR≤0.8 when MLD>1.23mm.
FD-OCT identiﬁed optimal cut-off values for MLA≤1.62mm2 and
MLD≤1.23mm to predict FFR≤0.8 were smaller than the typi-
cally used IVUS optimal cut-off values. Several studies assessing
the diagnostic efﬁciency of IVUS in identifying stenosis severity as
determined by FFR have demonstrated the different optimal cut-
off values for MLA (range, 2.0–4.0mm2) according to the reference
lumen areas (5.5–11.9mm2) to predict the functional signiﬁcance
of coronary stenosis [9,10,12,13]. Themean reference lumenarea in
the present study 7.35mm2 was relatively small which might have
led to smaller FD-OCT-derived MLA cut-off value of 1.62mm2.
Recently, Shiono et al. [27] evaluated the diagnostic efﬁciency
of OCT-derived lumen measurements in identifying severe coro-
nary stenoses in 59 patients with 62 lesions. They reported an
ideal cut-off for MLA to be 1.91mm2 with a moderate diagnos-
tic efﬁciency, however they used a lower cut-off for functional
relevance (FFR<0.75) and performed OCT measurements with
occlusion technique (time domain). Balloon occlusion used in the
22 H. Zafar et al. / Journal of Cardiology 64 (2014) 19–24
Table 1
Clinical data and stenosis characteristics by quantitative coronary angiography and
FD-OCT.
Clinical characteristics (n=30)
Age (years) 64±11
Male, n (%) 24 (80)
HTN, n (%) 25 (83.3)
DM, n (%) 9 (30)
Smoking, n (%) 10 (33.3)
Dyslipidemia, n (%) 24 (80)
Family history of coronary disease, n (%) 18 (60)
Clinical presentation, n (%)
Stable angina 21 (70)
Unstable angina 3 (10)
Atypical/asymptomatic 6 (20)
Angiographic stenosis characteristics (n=41)
Vessel investigated, n (%)
LAD 27(65.8)
RCA 5(12.2)
LCX 3 (7.3)
OM1 3(7.3)
Ramus intermedius 2 (4.8)
D1 1 (2.4)
Reference diameter (mm) 2.28±0.77
<3mm (n (%)) 33 (80.5)
≥3mm (n (%)) 8 (19.5)
Stenosis length (mm) 9.28±4.26
Minimal lumen diameter (mm) 1.45±0.58
Diameter stenosis (%) 45±10.7
Area stenosis (%) 68±12.1
FD-OCT stenosis characteristics (n=41)
Minimal lumen area (mm2) 2.53±0.92
Minimal lumen diameter (mm) 1.41±0.37
Reference lumen area (mm2) 7.35±3.21
Lumen area stenosis (%) 63±13.6
Fibrous plaque, n (%) 35 (85.3)
Calcium plaque, n (%) 12 (29.2)
Lipid plaque, n (%) 11 (26.8)
Vulnerable plaques by OCT criterion (%) 8 (19.5)
Values are mean± standard deviation or n (%).
FD-OCT, frequency domain optical coherence tomography; HTN, hypertension; DM,
d
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Fiabetes mellitus; LAD, left anterior descending artery; RCA, right coronary artery;
CX, left circumﬂex coronary artery; OM1, ﬁrst obtuse marginal artery; D1, ﬁrst
iagonal artery.
D-OCT technique reduces the intracoronary perfusion pressure
nd results in underestimation of the lumen measurements. The
D-OCT system used in this study does not require any balloon
cclusion for image acquisition. FD-OCT systems overcome many
f the technical limitations of TD-OCT systems and provide high
esolution images (10 to 20m) of the coronary vessel wall, higher
ramerates (100 frames/s),wider scandiameter (10mm), and faster
mage acquisition rate (20mm/s) without the loss of image quality.
Gonzalo et al. [28] evaluated the diagnostic efﬁciency of OCT-
erived lumen measurements in identifying the stenosis severity.
hey reported an ideal cut-off value for MLA to be 1.95mm2 with
iagnostic efﬁciency (AUC) of 0.74. The present study found a lower
deal cut-off value for MLA (1.62mm2) to predict FFR≤0.8 with
iagnostic efﬁciency of 0.80. The difference in MLA between their
nd our data may reﬂect the population in the present study with
able 2
ifferences in optical coherence tomography measurements between stenosis with
FR>0.80 or ≤0.80.
FFR<0.80
(n=10)
FFR>0.80
(n=31)
p-Value
Minimal lumen area (mm2) 1.78 ± 0.89 2.77 ± 0.80 0.001
Minimal lumen diameter (mm) 1.13 ± 0.45 1.49 ± 0.29 0.002
Reference lumen area (mm2) 5.58 ± 2.43 7.92 ± 3.26 0.02
Percent area stenosis (%) 68 ± 10.5 61 ± 14.2 0.10
alues are mean± standard deviation.
FR, fractional ﬂow reserve.
Fig. 2. Relationship between FFR- and FD-OCT-measured lumen parameters. (A)
Relationship between FFR- and FD-OCT-measured MLA. (B) Relationship between
FFR- andFD-OCT-measuredMLD. (C) RelationshipbetweenFFRandFD-OCT-derived
%AS. FFR, fractional ﬂow reserve; FD-OCT, frequency domain optical coherence
tomography; MLA, minimal lumen area; MLD, minimal lumen diameter; %AS, per-
cent lumen area stenosis.
80% of target vessels having a reference diameter <3mm on QCA.
The present study found a high diagnostic efﬁciency (AUC=0.96)
for MLA in identifying signiﬁcant stenosis in vessels having ref-
erence diameter <3mm. For this study we used ILUMIEN system
(St. Jude Medical) which combines FFR and FD-OCT (C7XR)
into a single platform for percutaneous coronary intervention
optimization.
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Fig. 3. Receiver operating characteristics (ROC) curves for FD-OCT measured lumen
parameters to predict FFR≤0.80. (A) ROC curve for FD-OCTmeasuredMLA topredict
FFR≤0.80. (B) ROC curve for FD-OCT measured MLD to predict FFR≤0.80. FD-OCT,
frequency domain optical coherence tomography; FFR, fractional ﬂow reserve;MLA,
minimal lumen area; AUC, area under the curve; MLD, minimal lumen diameter.
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DEFER study. J Am Coll Cardiol 2007;49:2105–11.
[6] Koo BK, Erglis A, Doh JH, Daniels DV, Jegere S, Kim HS, Dunning A, DeFrance
T, Lansky A, Leipsic J, Min JK. Diagnosis of ischemia-causing coronaryThe results presented in this study include a limited sample
opulation so further investigations are suggested to conﬁrm the
esults. Theuseof FFR inunstable coronary stenoses, suchas located
n the culprit vessel of acute syndromes, remains debatable so the
resented results are applicable to stable stenoses only. The func-
ional severity of coronary stenosis depends not only on anatomical
everity itself, but alsoonother factors suchas locationof the steno-
is, perfusion region of vessel in where the target stenosis exists so
natomical parameters do not always predict the functional signif-
cance of the stenosis.Fig. 4. Receiver operating characteristics curve for frequency domain optical coher-
ence tomography-measured minimal lumen area to predict fractional ﬂow reserve
≤0.80 in vessels with a reference diameter <3mm. AUC, area under the curve.
Conclusions
We found a poor but signiﬁcant correlation between FFR val-
ues and FD-OCT-measured anatomical parameters MLA, MLD, and
%AS. In the overall group, the FD-OCT-measured MLA and MLD
have moderate diagnostic efﬁciency in identifying the severity of
stenosis. FD-OCT-measured MLA has high efﬁciency in identifying
signiﬁcant stenosis in vessels having reference diameter <3mm.
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